repeated biopsy effect; mRNA expression; muscular adaptation; training MUSCULAR ADAPTATION TO EXERCISE training is thought to be the result of cumulative effects of transient changes in gene expression that arise with remarkable interindividual variation in magnitude and timing as a response to single exercise bouts (10, 18, 29) . In human exercise studies, the concentrations of marker mRNAs are often determined in muscle biopsies obtained from the same muscle before and repeatedly during the first 24 h after a defined exercise bout. Upregulation of inflammatory mediator genes has been observed after an acute bout of resistance exercise together with changes in myogenic and metabolic gene expression (2, 4, 7, 21) . In a recent study, we found enhanced myoelectric activity and exercise-induced increase in capillary lactate when five sets of 10 squats with external load were performed on a vibration platform (whole body vibration exercise, WBVE) compared with squatting on firm ground (9) . To investigate the influence of the added vibration stimulus on the expression of marker mRNAs for inflammation, myogenesis, and glucose metabolism, m. vastus lateralis biopsies were obtained from one leg before, 1, 4, and 24 h after a bout of conventional squatting exercise and from the contralateral leg before, 1, 4, and 24 h after a bout of squatting performed as WBVE. Because we unexpectedly found similar patterns of expression for these marker genes after either mode of exercise, we wondered if the repeated biopsy sampling might have been a confounding factor. Thus we additionally decided to perform muscle biopsies adhering to the same procedure except the squatting exercise in a matched cohort of control subjects.
In our study, we chose to obtain four fine needle biopsies, using one initial 2-3 cm skin incision in an attempt to reduce scarring and invasiveness compared with the generally used needle biopsy sampling according to Bergström (1) . The fine needle muscle biopsy has been described as a useful technique to obtain skeletal muscle specimens for gene expression analysis resulting in less discomfort for the subjects compared with the Bergström technique (15, 17, 26) . To our knowledge, it has not been investigated so far if repeated fine needle biopsies, obtained from the same muscle region, influence the expression of inflammatory and other genes in human skeletal muscle. There are only few studies that investigated whether repeated muscle biopsy sampling affects mRNA expression and their results are inconclusive. In muscle biopsies performed according to the Bergström technique through separate incisions before and repeatedly after cycle ergometer (22) or heavy resistance (25) exercise, no significant influence of the repeated biopsy sampling on the expression of several metabolic, regulator, and myogenic genes was reported. In another investigation, multiple muscle biopsies were obtained with the Bergström technique from the vastus lateralis muscle before and repeatedly after 3 h knee extensor exercise and, at equivalent time points, from nonexercising control subjects using each of three incision holes twice (27) . Some, but not all, of the myogenic, stress-related and metabolic genes tested showed similar responses in the nonexercised control group compared with the exercise group, regardless if the biopsies were performed through the same or through different skin incisions. In a further study, immunhistochemical staining clearly showed that the exercise-induced response of several markers indicative for inflammation could not clearly be distinguished from the response to multiple biopsy sampling in the nonexercising muscle when multiple muscle biopsies were obtained with the forceps technique from the vastus lateralis muscles of both legs with different incisions before and after eccentric cycling and, accordingly, from nonexercising controls. Changes in gene expression were not studied in this investigation (23) . In a recently published study, four Bergström biopsies were obtained in nonexercising subjects using only one skin incision, however, with changing inclination of the biopsy needle. Comparing the extent of phosphorylation by key kinases and IL-6 gene expression in these biopsies with single biopsies from the contralateral m. vastus lateralis that were spaced well apart, the authors concluded that repeated muscle biopsies might be performed using only one skin incision without eliciting signaling cascades involved in the cellular response to stress, inflammation, or tissue reparation within the first 2 h (14) .
To test the hypothesis that multiple fine needle biopsies influence the expression of those inflammatory, myogenic, and metabolic genes that we had found changed after squatting exercise, we obtained fine needle biopsies from the right vastus lateralis muscle of nonexercising controls at equivalent time points as described above, i.e., at 2, at 5, and at 25 h after the baseline biopsy, and determined the expression of the respective mRNAs.
MATERIALS AND METHODS
Subjects. In 11 (25.9 Ϯ 3.8 yr, 179.2 Ϯ 4.8 cm, 76.5 Ϯ 7.0 kg) out of the 14 male subjects in the squatting exercise group (9), eight fine needle biopsies of good quality were obtained (4 from each leg). Additionally, four such biopsies from one leg were performed in eight male subjects of the nonexercising control group (24.5 Ϯ 3.7 yr, 180.6 Ϯ 1.2 cm, 81.2 Ϯ 1.6 kg). Subjects had no history of previous motor disorders or current injuries, nor were they involved in systematic resistance training or in WBV exercise, but they participated regularly in recreational sporting activities. None of them had used anabolic steroids nor supplemented creatine. The subjects were fully informed about the possible risk and discomfort that might result from the investigations and the subjects gave their written informed consent. The study was approved by the Ethics Committee of the Medical Faculty of the University of Heidelberg, Germany, and conformed with the standards set by the Declaration of Helsinki. During the investigation, subjects were instructed to refrain from any quadriceps exercise (e.g., cycling or running) for at least 24 h prior to each experiment.
Squatting exercise. The squatting exercise has been described in detail previously (9) . In brief, 7-10 days after familiarization and without any further knee extension exercise during that time, the subjects performed one session of conventional squatting and one session of squatting on a vibration platform (WBVE) in randomized order, 1 wk apart. In both sessions, the subjects performed five sets of 10 squats with an additional load equivalent to the subject's 10 RM applied by a barbell. The series of 10 repetitions were separated by 3 min of rest. Squatting was performed in a regular rhythm of 3 s per squat controlled by a metronome, i.e., 10 repetitions were completed within 30 s. During WBVE, the subjects were standing on the Galileo 900 vibration plate. With this commercially available device vibration to the entire body is applied by alternating rotation around the central axis of the platform. The amplitude increases with distance from the rotational center to maximally 5.2 mm at the outer edge (mean amplitude in the present study: 4 mm). The frequency can be freely chosen between 1 and 30 Hz and was set at 22 Hz on the basis of pilot studies.
Muscle biopsy sampling. Muscle biopsies were performed at rest, 1, 4, and 24 h after the squatting exercise and at equivalent time points (rest, 2, 5, and 25 h) after the baseline biopsy in the control group. The subjects were not allowed to perform any exercise except the monitored resistance exercise, but they could walk about in between biopsy sampling. For the baseline biopsy, an ϳ2-3 cm skin incision was made under local anesthesia achieved with 3 ml of 1.0% PrilocainHCl. A small (ϳ2 mm) incision of the muscle fascia was performed with the tip of a scalpel starting at the very proximal point of the skin incision. Following the initial biopsy, using the same skin incision, a similar small incision of the muscle fascia was performed for each subsequent biopsy ϳ0.5 cm distal of the previous biopsy under local anesthesia with 1 ml of 0.5% Prilocain-HCl applied into the subcutaneous tissue. The microbiopsy was performed with a spring-loaded, reusable instrument, the Pro-MagTM I Automatic Biopsy instrument 2.5 (Angiotech, PBN Medicals, Stenlose, Denmark) with 14-gauge disposable needles (Pro MagTM Biopsy Needle 008). A muscle sample was obtained by the activation of a trigger button, which unloaded the spring and activated the needle to collect a muscle piece. During this procedure, subjects reported the discomfort to be about the same as during a venous blood draw. The muscle tissue was immediately freed from blood and visible connective tissue if necessary, rapidly frozen in isopentane cooled by liquid nitrogen, and subsequently stored at Ϫ80°C.
RNA extraction and reverse transcription. For RNA extraction, 25-m sections were cut on a cryostat. The area of the cutting surface was estimated by planimetry. The number of sections cut was adjusted to reach ϳ10 mm 3 (equivalent to 10 mg tissue, assuming an approximate density of 1). On the average, we obtained 15-20 mg of muscle tissue per biopsy. From these sections, total RNA was isolated using a modification of the Quiagen microprotocol for skeletal muscle as described previously (Quiagen, Hilden, Germany) (11) (12) (13) . RNA concentration and purity was determined by A260 and A280 (A260/ A280 ϭ 1.7-2.0) measurements using a NanoDrop 8000 Spectrophotometer (Thermo Scientific, Schwerte, Germany). Total RNA integrity was confirmed using a lab-on-a-chip technology and an RNA 6000 NanoChip kit on a Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany). On the average, we obtained a RNA Integrity Number (RIN) of 9.05 Ϯ 01 (SE). An aliquot of 100 ng of RNA was dissolved in nuclease-free water (Invitrogen, Paysley, UK) and reversely transcribed using the Superscript III First Strand Synthesis System for RT-PCR (Invitrogen) in a 10 l reaction according to the manufacturer's specifications, with random hexamer priming. The resulting cDNA was stored at Ϫ80°C for subsequent PCR.
Real-time PCR. qRT-PCR analysis was performed with cDNA using the QuantiTect/PrimerAssays (QIAGEN, Hilden, Germany). The following genes of interest were measured: Cyclin-dependent kinase inhibitor 1A (CDKN1A, p21; NM_000389); insulin-like growth factor 1 (IGF-1, NM_000618); interleukin-6 (IL-6, NM_000600); interleukin-6 receptor (IL-6R, NM_000565); muscle phosphofructokinase (PFK, NM_000289); solute carrier family 2 (facilitated glucose transporter), member 4 (SLC2A4, GLUT4; NM_001042); lactate dehydrogenase A (LDH A, NM_001135239); lactate dehydrogenase B (LDH B, NM_002300), and ribosomal protein S28 (RPS28, NM_001031) as reference gene. The cDNA was amplified by RT-PCR using Brilliant II SYBR Green QRT-PCR Master Mix (Stratagene-Agilent Technologies, Waldbronn, Germany). The thermal profile consisted of 1 cycle at 50°C for 2 min followed by 1 cycle at 95°C (2 min), 45 cycles at 95°C (15 s), 60°C (1 min). Amplification was conducted using the Mx3005P QPCR System (Stratagene-Agilent Technologies). Critical threshold (CT) values were determined using the Mx3005P analysis software (Stratagene-Agilent). Each cDNA was measured in duplicate with all samples of a given subject on the same plate. On each plate, a calibrator sample was measured in double as well. Our calibrator sample consisted of cDNA generated from an RNA pool containing portions from seven of our samples, it included biopsies from all time points. For each cDNA of interest (including 28S cDNA), relative ratios were determined to each of the duplicate calibrator measurements based on the respective CT differences (⌬CT) and an average efficiency [calculated from standard curves with serial dilution of each cDNA of interest in every individual run using 10 (Ϫ1/slope) ]. These ratios were then averaged and related to the average content of 28S cDNA in each sample to correct for variations in total cDNA input. The obtained "mRNA values" are therefore relative values based on total RNA content.
Statistics. Statistical analysis was performed with the software programs SigmaStat 3.5 and SigmaPlot 10.0 for Windows (Jandel Scientific, San Rafael, CA). Since most of the data were not normally distributed, we presented them as median 5th, 25th, 75th, and 95th percentiles for the 11 subjects of the squatting group and as median 25th and 75th percentiles for the 8 subjects of the nonexercised control group. For comparison of the mRNA expression determined in the muscle biopsies obtained at four different time points, repeatedmeasures ANOVA on ranks was used followed by the Tukey test for multiple comparison procedure. The level of significance was set at P Յ 0.05.
RESULTS
mRNAs of inflammatory mediators. In the baseline muscle biopsies, obtained at rest, the level of IL-6 mRNA was very low when related to 28S rRNA: 0.12 Ϯ 0.04 (SE) before WBVE, 0.16 Ϯ 0.06 (SE) before conventional squatting, 0.03 Ϯ 0.01 (SE) in the control group. There was a significant increase in IL-6 mRNA expression in the muscle biopsies obtained 1 and 4 h after the exhaustive squatting exercise, performed conventionally or as WBVE. Twenty-four hours after exercise (25 h after the baseline biopsy), the IL-6 mRNA content was not significantly different from the baseline values.
In the muscle biopsies obtained from the nonexercising control subjects, the IL-6 mRNA time course was similar to the ones observed after WBVE or conventional squatting (Fig. 1, top) .
At 4 h after WBVE, we observed a significant increase in IL-6 R mRNA compared with the biopsies at rest and 1 h after the exercise (Fig. 1, bottom) . A significant increase in IL-6 mRNA was also found at the equivalent time point (5 h) in the control biopsies. In contrast to the exercise groups, the control group also showed a significant increase in IL-6 mRNA 25 h after baseline. IL-6R mRNA concentration was also increased after conventional squatting, but the level of significance was not reached at any time point.
mRNA response indicating myogenesis. IGF-1 mRNA expression was significantly decreased 4 and 24 h after conventional squatting and we also found a significant decrease in the biopsy obtained 5 h after baseline in the nonexercising controls. The time course of medians in the biopsies after WBVE also indicated decreased IGF-1 mRNA without reaching the level of significance (Fig. 2, top) .
The p21 mRNA concentration showed significant increases after squatting exercise as well as in the nonexercised control group (Fig. 2, bottom) . Fig. 1 . Changes in the relative mRNA content of interleukin-6 (IL-6) and IL-6 receptor (IL-6R) in fine needle biopsies obtained from the vastus lateralis muscle 1, 4, and 24 h after conventional squatting exercise or squatting performed as whole body vibration exercise (WBVE; 2, 5, and 25 h after a baseline biopsy) in a crossover study. In addition, changes in the relative mRNA content of IL-6 and IL-6R in fine needle biopsies obtained from the vastus lateralis muscles of nonexercised control subjects at equivalent time points (2, 5, and 25 h after a baseline biopsy) are demonstrated. The results are presented as %changes of the mRNA content in the respective baseline biopsy (set to 100%). Data are shown as median, 5th, 25th, 75th, and 95th percentiles for the 11 subjects of the squatting group and as median, 25th, and 75th percentiles for the 8 subjects of the nonexercised control group. Overall significance in the repeated-measures ANOVAs on ranks over 4 time points: IL-6: P Ͻ 0.001 for WBVE and conventional squatting; P ϭ 0.010 for the nonexercised controls; IL-6R: P ϭ 0.003 for WBVE; P Ͻ 0.001 for the nonexercised controls. *P Ͻ 0.05 vs. baseline; ϩP Ͻ 0.05 vs. 2 h.
Marker mRNAs indicating glucose metabolism.
No significant changes in PFK mRNA were observed at 1 and 4 h after WBVE or conventional squatting, but after 24 h, significantly decreased PFK mRNA was detected in both groups in relation to the values measured at baseline, 1, and 4 h after exercise. In the control biopsies, significantly decreased PFK mRNA was found at 5 and 25 h after the baseline biopsy (Fig. 3, top) .
Twenty-four hours after WBVE or conventional squatting (25 h after baseline), GLUT4 mRNA content was significantly decreased compared with the baseline and after conventional squatting also in relation to the content measured 1 h after exercise (Fig. 3, bottom) . In the control biopsies obtained 5 and 25 h after the baseline biopsy, GLUT4 mRNA was significantly decreased compared with the biopsy obtained 2 h after baseline. The mRNA expression of LDH A and LDH B did not change significantly in either group.
DISCUSSION
The main new finding of the present study is that multiple biopsy sampling from the vastus lateralis muscle with the fine needle technique can induce similar changes in the expression of several marker mRNAs of inflammation, myogenesis, and glucose metabolism in nonexercised subjects as observed in equivalent biopsies obtained after one bout of exhaustive squatting exercise. The squatting exercise in the present study was initially designed to test the hypothesis that adding a vibration stimulus to conventional squatting would enhance the changes in gene expression indicative for inflammation, myogenesis, and adaptation of glucose metabolism. In fine needle biopsies repeatedly obtained from the vastus lateralis muscle of both legs before and after exhaustive squatting, we observed a pattern of changes in the mRNA expression of IL-6, IGF-1, p21, and GLUT4 similar to what has previously been reported after resistance exercise; however, we could not detect significant differences between the two modes of squatting exercise. When we subsequently obtained fine needle biopsies at equivalent time points in nonexercising control subjects, the observed changes in the expression of the selected marker mRNAs could not be clearly differentiated from the response of the mRNA expression to squatting exercise. We therefore conclude that the main factor behind the observed changes after the squatting exercises was likely the repeated biopsy effect. Fig. 2 . Changes in the relative mRNA content of insulin-like growth factor 1 (IGF-1) and p21 in fine needle biopsies obtained from the vastus lateralis muscle 1, 4, and 24 h after conventional squatting exercise or squatting performed as WBVE (ϭ 2, 5, and 25 h after a baseline biopsy) in a crossover study. In addition, changes in the relative mRNA content of IGF-1 and p21 in fine needle biopsies obtained from the vastus lateralis muscles of nonexercised control subjects at equivalent time points (2, 5, and 25 h after a baseline biopsy) are demonstrated. The results are presented as %changes of the mRNA content in the respective baseline biopsy (set to 100%). Data are shown as median, 5th, 25th, 75th, and 95th percentiles for the 11 subjects of the squatting group and as median, 25th, and 75th percentiles for the 8 subjects of the nonexercised control group. Overall significance in the repeated-measures ANOVAs on ranks over 4 time points: IGF-1: P ϭ 0.001 conventional squatting; P ϭ 0.041 for the nonexercised controls; p21: P Ͻ 0.001 for WBVE and conventional squatting; P ϭ 0.027 for the nonexercised controls. *P Ͻ 0.05 vs. baseline; #P Ͻ 0.05 vs. 5 h.
Repeated muscle biopsy sampling is often necessary to elucidate muscular adaptation to different modes of exercise as adaptation is thought to be the result of cumulative effects of transient changes in gene expression (29) . The monitoring of gene expression in human skeletal muscle during the first 24 to 72 h after differing exercise protocols has contributed considerably to the understanding of the molecular basis of training adaptation (5, 18) . The results of microarray studies involving repeated biopsy sampling from human skeletal muscles during the first 24 h after endurance training and eccentric or concentric resistance exercise indicated that specific exercise protocols induce specific alterations in the transcriptional profiles with distinctly different time courses for changes in the expression of particular genes (18) . However, the results of the present study point to an additional, confounding effect of the repeated biopsy sampling on the exercise-induced expression changes for at least a small number of specific genes, which represent markers of inflammation, myogenesis, and metabolism. Several studies have investigated the variation in the acute response of cytokine gene expression (3, 7, 14, 21) , myogenic gene expression (2, 6 -8, 16, 25, 28) , and metabolic gene expression (7) to resistance exercise. Muscle biopsy sampling varied in all these studies, not only with regard to the time points of the postexercise biopsy sampling, but also concerning the number of skin and fascia incisions and the distance between multiple sampling sites. Mostly, the muscle biopsies were obtained by the Bergström technique (1); to our knowledge, only Buford et al. (3) performed fine needle biopsies in such a setting. In contrast to our and to the Bergström biopsy studies, the skin was not incised with a scalpel by Buford et al. (3) , but a pilot hole was made with a sterile needle for each fine needle biopsy.
IL-6 mRNA can be produced by contracting myofibers, leading to an increase in IL-6 mRNA expression in human skeletal muscle after resistance and endurance exercise (19) . In accordance with the results of two other investigations (3, 21), IL-6 mRNA was significantly increased 4 h after an acute bout of exhaustive resistance exercise in the present study, i.e., squatting with and without an additional vibration stimulus. However, we also found a significant increase in IL-6 mRNA expression at the equivalent time point in the nonexercised control group, indicating that at least part of this increase in IL-6 mRNA might be due to repeated biopsy sampling. In the investigations of Buford et al. (3) and Louis et al. (21) , the biopsies obtained 3 and 4 h after an acute bout of resistance exercise were the second and third biopsy of the same vastus Fig. 3 . Changes in the relative mRNA content of phosphofructokinase (PFK) and glucose transporter 4 (GLUT4) in fine needle biopsies obtained from the vastus lateralis muscle 1, 4, and 24 h after conventional squatting exercise or squatting performed as WBVE (ϭ 2, 5, and 25 h after a baseline biopsy) in a crossover study. In addition, changes in the relative mRNA content of PFK and GLUT4 in fine needle biopsies obtained from the vastus lateralis muscles of nonexercised control subjects at equivalent time points (2, 5, and 25 h after a baseline biopsy) are demonstrated. The results are presented as %changes of the mRNA content in the respective baseline biopsy. Data are shown as median, 5th, 25th, 75th, and 95th percentiles for the 11 subjects of the squatting group and as median, 25th, and 75th percentiles for the 8 subjects of the nonexercised control group. Overall significance in the repeated-measures ANOVAs on ranks over 4 time points: PFK: P Ͻ 0.001 for WBVE and conventional squatting; P ϭ 0.011 for the nonexercised controls; GLUT4: P Ͻ 0.020 for WBVE and P Ͻ 0.001 for conventional squatting and for the nonexercised controls. *P Ͻ 0.05 vs. baseline; ϩP Ͻ 0.05 vs. 2 h; #P Ͻ 0.05 vs. 5 h. lateralis muscle, respectively. With regard to the findings of Malm et al. (23) , who reported similarly increased neutrophilmacrophage-, satellite cell-, and IL1␤-specific antigens by immunohistochemistry after an acute bout of eccentric cycling exercise and after repeated biopsy sampling in nonexercised control subjects, the significant increase in IL-6 mRNA most likely can be explained by trauma and inflammation caused by multiple biopsies obtained through one or more skin incisions. However, in a different study where the baseline biopsy was taken from the nonexercised leg and the biopsy immediately obtained after one-legged resistance exercise was the first biopsy from the exercised vastus lateralis muscle, a significant ϳ350% increase in IL-6 mRNA was observed (7) . Whereas this increase in IL-6 mRNA expression could clearly be attributed to the exercise stimulus, the elevation of IL-6 mRNA 1 h after the squatting exercise in the present study could at least partly be caused by repeated biopsy sampling. We also found a significant increase in the expression of IL-6 receptor mRNA; however, the response to an acute bout of resistance exercise could not be distinguished from the reaction to repeated biopsy sampling. We are not aware of other studies that investigated the IL-6 receptor mRNA response to an acute bout of resistance exercise.
Insulin-like growth factors play an important role in mediating muscle hypertrophy in response to strength training. However, studies on acute changes (i.e., during the first 24 h after resistance exercise) in human skeletal muscle have provided equivocal results showing either significant increases in the mRNAs of IGF-1 and its splice variant MGF (16, 28) , no significant change (4), or a significant decrease (2, 25) and a strong tendency for a decrease (6), respectively. In our present study, the significantly decreased (30% on the average) IGF-1 mRNA in the biopsy obtained 5 h after baseline in the nonexercised control group suggests that the significant decrease (40% on the average) in IGF-1 mRNA observed 4 h after conventional squatting and the tendency to decrease after squatting performed as WBVE (20% on the average) can at least partly be attributed to the multiple biopsy sampling, possibly as an effect of trauma. Again, a study demonstrating a significant decrease in IGF-1 mRNA content in a biopsy obtained 12 h after resistance exercise from a leg that had not been subjected to previous biopsy sampling (2), shows that resistance exercise per se can induce a decrease in IGF-1 mRNA expression. In two further investigations, the observed decrease in IGF-1 mRNA content was found in biopsies with at least 1 prior biopsy from the same vastus lateralis muscle taken a few hours before (6, 25) . Contrasting these findings was a significant increase in IGF-1 mRNA content 2 h after resistance exercise (3rd biopsy) in a study where several biopsies were obtained using the same skin incision (28) . Apparently, the results concerning the acute response of IGF-1 mRNA to heavy resistance training are controversial, which might partly be explained by a disturbing influence of repeated biopsy sampling.
It has previously been shown that the expression of p21 mRNA, coding for a cyclin kinase inhibitor and marker for myogenic cell differentiation in response to resistance exercise, might be increased due to the trauma introduced by multiple biopsies performed with the Bergström technique using the same or separate incisions (ϳ3 cm apart) (27) . The significant increase in p21 mRNA in the biopsies obtained 5 h after baseline from our nonexercised control group indicates that, apparently, also multiple fine needle biopsies have an effect on this myogenic marker. Infiltration of immune cells into the region of trauma induced by a muscle biopsy has been discussed as a possible explanation for the increased p21 mRNA in subsequent biopsy samples (27) and such immune cells have indeed been found by Malm et al. (23) in biopsy samples obtained from the vastus lateralis muscle in multiple biopsies from different sites in nonexercised subjects. However, an alternative explanation should be considered for the similar patterns of p21 gene expression observed after squatting exercise and in the nonexercised controls since circadian patterns for p21 gene expression have been reported for mouse skeletal muscle (24) . Daily oscillations in p21 gene expression may also have been a possible confounding factor for an observed increase in p21 mRNA expression that was thought to be exercise induced as it was found 12 h after resistance exercise in biopsy samples obtained from the vastus lateralis muscle that had not been subjected to a prior biopsy (2) .
The expression of metabolic genes has mostly been investigated in studies on endurance exercise. However, in our most recent and in earlier studies, we found 1) significantly elevated capillary lactate concentration when squatting exercise was performed with an additional vibration stimulus compared with conventional squatting (8) and 2) significantly increased expression of LDH A mRNA concentration in the vastus lateralis muscle after 4 and 6 wk of strength training with increased eccentric load (12, 13) . Therefore, in the present study, the mRNA content of LDH A, LDH B, PFK, and GLUT4 was also determined in the biopsy samples to investigate possible effects on glucose metabolism. While we observed no significant changes in the LDH A and LDH B mRNA expression, the PFK and GLUT4 mRNA content was significantly decreased in biopsy IV after squatting exercise as well as in the nonexercised subjects. In the control group, there was also a significant decrease in the biopsy obtained 5 h after the baseline biopsy. Deldique et al. (7) also reported a significant decrease in GLUT4 mRNA expression 24 h after heavy resistance exercise. Taking into consideration the findings of Churchley et al. (4) with a significant decrease in GLUT4 mRNA expression in the vastus lateralis muscle 3 h after resistance exercise, Deldique et al. (7) concluded that GLUT4 mRNA abundance is differently regulated after resistance exercise compared with endurance exercise where significant increases in GLUT4 mRNA expression have been described, although not 24 h after exercise (20) . In both studies, however, GLUT4 mRNA content was decreased in the third biopsy obtained from the same muscle region and in light of our findings, this decrease in GLUT4 mRNA might have been due to repeated biopsy sampling. Repeated biopsy sampling seems to influence PFK mRNA abundance in a similar matter, but we are not aware of other studies on the PFK mRNA response to an acute bout of resistance exercise or to multiple biopsies. Also for PFK mRNA expression, a circadian rhythm has been observed in mouse skeletal muscle (24) . As our last biopsy was obtained at the same day time as the baseline biopsy (25 h after baseline) the significant decrease in the PFK mRNA content after squatting exercise and in nonexercised controls at this time point cannot be explained by the circadian rhythm, but rather seems to be caused by repeated biopsy sampling. However, as the circadian rhythm in the expression of numerous genes with important muscle-specific functions might have further confounding effects besides repeated muscle biopsy sampling, the inclusion of nonexercising controls should be required in studies that investigate exercise-induced changes in gene expression with multiple muscle biopsy samples taken during the first 24 h after an exercise bout.
In conclusion, repeated fine needle biopsy sampling from a small region of the vastus lateralis muscle, using one skin incision, cannot simply and indiscriminately be used to investigate exercise-induced changes in marker mRNAs of inflammation, myogenesis, and glucose metabolism because the repeated biopsy sampling per se can affect their expression as we have now demonstrated. In this study, we observed similar patterns of change in the abundance of some marker mRNAs that have previously been regarded as entirely or primarily exercise induced in studies with repeated biopsy sampling from the same muscle region. Some of these results might therefore have to be interpreted with care and may eventually need re-evaluation. Further research, also including gene array analysis, is needed to comprehensively answer the question as to what extent repeated biopsies result in a typical muscle response pattern that can be induced by specific exercise protocols.
